The direct near-infrared spectroscopic reflectance measurements of prevulcanized natural rubber (brown crepe) was employed for determination of its Mooney viscosity. NIR reflectance spectra were obtained for a total of 100 samples whose Mooney viscosity (VM in the range 68 -95 units) have been determined by the standard reference procedure using a commercial computerized Mooney viscometer. These samples were employed as the raw material or were treated to achieve better homogenization. A Fourier transform near infrared (FT-NIR) spectrophotometer was employed, and the reflectance spectra were obtained with resolution of 4 cm 21 in the range 4000-10,000 cm 21 as an average of 75 scans. The samples were split in a calibration set containing 70 samples and in an external validation set consisting of the remaining 30 samples. The calibration and validation spectra sets were treated to correct for baseline shift, further transformed by first derivative and finally modeled by partial least squares (PLS) employing four latent variables. The model was evaluated with the external sample test set, and a RMSEP of 3.6 and 3.9 units of Mooney viscosity were obtained for homogenized and nonhomogenized samples, 741 respectively. The NIR method is capable of determining the Mooney viscosity in few minutes in the non-pretreated sample with an error that is satisfactory for quality control of natural rubber destined for automobile tire manufacturing.
INTRODUCTION
The elastic properties of natural rubber derive mainly from the characteristics of the polymeric isoprene in its cis isomer (cis-1,4-polyisoprene) whose structure is shown in the inset of Fig. 1 . The less symmetrical structure of this isomer makes crystallization difficult and is responsible for the amorphous, flexible characteristics of the natural product.
Natural rubber has found an enormous number of applications in industrial products; notable among these is its use for making automobile tires. The natural prevulcanized latex (brown crepe) is evaluated for its quality and adequacy for various end uses. The Mooney viscosity is one of the more relevant parameters considering the destination of the natural rubber for tire production. Mooney viscosity is defined as the shearing torque resisting rotation of a cylindrical metal disk (or rotor) embedded in rubber within a cylindrical cavity. The dimensions of the shearing disk viscometer, test temperatures, and procedures for determining Mooney viscosity are defined by the ASTM test method D1646-04. [1] This parameter is measured in a heavy and complex mechanical instrument at high temperature (1008C) where the resistance of a material to flow under stress is accessed by rotating a metallic disk on a rubber sample and measuring the torque necessary to keep the rotation at 2 revolutions per minute after a fixed time interval (5 to 10 min).
Prevulcanized natural rubber presents Mooney viscosities in the range 60-90 and the acceptable range for use in tire manufacture is between 75 and 80. The Mooney viscometer is an instrument specially constructed to determine the viscosity of the natural rubber. Computerized instruments can obtain the viscosity measurement with repeatability within 3 units although the mean standard deviation for an average value of the same piece of natural rubber can reach about 5 units. This last fact is due to the heterogeneous characteristics of the natural prevulcanized rubber. The measurement is time consuming (about 20 min for a single measurement), and the instrument requires constant maintenance. Furthermore, the sample needs to be homogenized by being preprocessed with a heated cylinder, an operation that requires an additional 15 min.
The Mooney viscosity can be associated with the molar mass of the polymer chain. The average molar mass obtained by gel permeation chromatography (GPC) has been proposed for determination or has been associated with the Mooney viscosity. [2, 3] However, the proposed method requires the use of a GPC instrument and is another time-consuming technique that prevents rapid, in situ determination of the Mooney viscosity.
Near-infrared (NIR) spectroscopy has been used to determine bulk properties of a variety of samples, including artificial polymers. The information present in a NIR spectrum can be related to crystallinity, [4] molar mass, [2 -5] and viscosity [6 -10] of polymeric materials. However, the use of NIR spectroscopy for determination of Mooney viscosity of natural rubber has not yet been described in the literature.
This work aimed at the development and evaluation of the use of direct NIR reflectance spectral measurements for determination of the Mooney viscosity of natural rubber.
EXPERIMENTAL Instrumentation
Mooney viscosity measurements were obtained in a computerized Mooney viscometer MV 2100 (Qualitest Inc., FL, USA). The results were employed for multivariate calibration and for evaluation of the accuracy of the model produced by the NIR method.
A Bomem model BM-164 FT-NIR spectrophotometer was employed to obtain the reflectance spectra of the natural rubber samples by using a
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Powder Samplir reflectance accessory. The spectra were registered in the range 4000 -10,000 cm 21 as average of 75 scans with resolution of 4 cm 21 . The total time interval necessary for spectrum acquisition was 40 s.
Samples and Sample Measurement
One hundred samples of prevulcanized natural rubber (brown crepe) were collected from different lots during 1 month and cut into a block shape of about 1.5 Â 5 Â 3 cm in thickness, length, and width, respectively. Pieces of the same samples were processed with a heated cylinder to achieve better homogeneity. After processing, the sample presents the form of a thin sheet (about 2-mm thick). Pieces of these sheets, having dimensions of 3 Â 6 cm, were also measured by reflectance.
The Mooney viscosity of the sample set was measured by the standard method and the values were in the range 65 -95 units. The samples were divided in two subsets, one for calibration, containing 70 samples, and the other for external validation, containing the remaining 30 samples. The Mooney viscosity average values and their standard deviations were (80.7 + 5.1) and (81.6 + 4.6) Mooney units for the calibration and validation sets, respectively.
Natural rubber samples had their NIR reflectance spectra measured as the average of eight original spectra taken for each sheet (pretreated material) or block (raw material) (four measurements on each side sampled at equidistant points across the length of the sample). The average spectrum was saved for further processing.
Computer and Software Facilities
Spectral data were treated using an IBM-PC Pentium V (1.6 GHz) compatible microcomputer running under a Windows Millennium operating system. The UNSCRAMBLER 9.1 chemometric software package was employed to perform the data pretreatment of the spectral data and for developing the partial least squares (PLS) models for Mooney viscosity. Figure 1 shows three spectra for raw samples of brown crepe of natural rubber with values of Mooney viscosity that are representative of the range observed for the sample set. The spectra are dominated by the strong absorptions of -CH, -CH 2 , and -CH 3 . However, some specific spectroscopic features can be attributed to the hydrogen atom bonded to an R 2 C5 5CHR, such as the peak located in the region between 4500 and 4350 cm 21 . [11] An observation of the natural isoprene polymer structure, shown in the inset of Fig. 1 , reveals that the number of such groups can be promptly associated with the length of the isoprene chain. Furthermore, considering the -CH 3 groups, the increase of absorbance between 8300 and 5900 cm 21 , for instance, should reflect a decrease in the polymer chain length because shortening the chain will introduce more -CH 3 terminal groups. However, it is not possible to observe a direct correlation between the intensities of absorbance and the value of the Mooney viscosity across the full spectrum. Obviously, many other complex spectrochemical features related to the overall behavior of the NIR spectrum in function of the average length of the polymer chains must be superimposed on the basic features.
RESULTS AND DISCUSSION
The spectra sets for the raw and processed samples were evaluated by principal component analysis (PCA), and the scores distribution revealed that it was not possible to identify any outliers in the data set from such a score distribution. Also, the observation of the residuals versus leverage plot does not reveal any outliers regarding the spectral variables.
Following this preliminary multivariate qualitative evaluation, the set of 70 randomly selected spectra was employed to construct a PLS regression model to predict the Mooney viscosity. Internal full cross-validation was employed in the modeling stage. Unfortunately, as in most of the situations dealing with natural samples, the range of the property of interest and its distribution is far from being ideal. In fact, most of the values are centered in a narrow range of Mooney viscosities with only a few samples presenting values near the limits of the range.
The model produced by the original spectral set (70 samples) gives root mean square error of prediction (RMSEP) for internal full cross-validation of 3.6 units of Mooney viscosity and equal to 4.0 units for the external test set (30 samples). The reflectance spectrum of the natural rubber is clearly affected by scattering of the incident radiation on the rough surface of the brown crepe or of the processed product. Together with the natural sample heterogeneity, scattering causes a large fluctuation in the spectra baseline and relative absorption intensities, even for samples collected from the same rubber batch. Therefore, it was decided to try a pretreatment of the total spectra set by the multiplicative scattering correction (MSC) algorithm. [12] However, the results were not improved significantly. The best results were obtained for the spectral set after baseline offset correction followed by taking the Savinstky-Golay first derivative (second-order polynomial, 10-point window). Figure 2 shows the complete data set for the raw samples after these transformations. Some tentative restrictions on spectral range and number of variables resulted in models that were not better than the one produced by using the total spectral range (4000 to 10,000 cm 21 ). The spectra set obtained for the same samples after processing (homogenization by pressing with a cylinder) shows lower fluctuation in Figure 2 . Complete set of reflectance spectra for 70 samples after baseline offset correction followed by the first derivative employed for the regression modeling. The repeatability of the NIR reflectance method has been determined by using five different pieces of the same three rubber batches. The average values and standard deviation were 69 + 2; 76 + 4; and 81 + 4. Again, the repeatability of the NIR method is comparable with the standard procedure and mainly determined by the heterogeneity of the rubber sample.
The evaluation of the NIR reflectance spectroscopy in the determination of the Mooney viscosity of natural rubber showed promising results. The models developed in the current work suffer from the effects of the short range and a nonideal values distribution in the calibration and validation sample sets. In addition, the determination of the Mooney viscosity by the reference method is subjected to a precision that can reach about 5 units of viscosity. This reproducibility is similar to the standard deviation of the values of the viscosity of the samples employed in this work. Therefore, it would be very difficult to improve the results regarding the correlation coefficients and slopes for the internal and external validation made by employing the current data set.
On the other hand, the NIR reflectance method, due to its well-known characteristics of expeditiousness and direct measurement in the intact sample, provides a possible way for the on-line quality control of the rubber product.
